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Abstract 
Thermal stability of Giant magneto-impedance (GMI) effect of Co-based amorphous glass-covered wires was 
investigated. The temperature measurement was conducted in a special calorstat cell between 25  and 200 , and the 
GMI effect of the as-cast, glass-removed and DC annealed wires was measured at 100kHz-12MHz ranging from 0Oe to 
80Oe. Experimental results show that the ambient temperature has a significant influence on the thermal stability of GMI 
effect, it is caused by external conditions: driving frequency, magnetic field and sample states. The thermal stability and 
GMI fluctuating variation at different temperature of three-type wires could be quantificationally characterized by GMI 
ratio variation difference 
maxZ/Z
T
max
of three-type wires, and drastically improved with the driving frequency 
increasing to 10MHz, and the working range of magnetic field for possible sensor applications should be below 10Oe. 
While there is different from as-cast and glass-removed wires, DC annealed wire has twin-working-zone range (relatively 
low field 0 Oe-2Oe & relatively high field 2Oe-10Oe) of magnetic field at relatively high frequency (10MHz) for sensor 
applications with different detection range of weak magnetic field. So, the improved thermal stability is caused by the co-
actions of remarkable skin-effect, magnetic polarization and magneto-crystalline anisotropy energy with the increasing 
frequency. It therefore is concluded that the optimal driving frequency of 10MHz and the detection range of weak 
magnetic field (2Oe-10Oe) is favorable for the design parameters choices of high-performance GMI sensor. 
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Selection and/or peer-review under responsibility of Prof. Xiujian Zhao, Wuhan University of 
Technology 
Keywords: Glass-covered amorphous wires; Giant-magneto impedance (GMI); Thermal stability; GMI fluctuating variation difference  
 
 
* Corresponding author. Tel.: +86-451-86418317; fax: +86-451-86413904. 
E-mail address: jfsun_hit@263.net (J.F. Sun). 
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Prof. Xiujian Zhao, Wuhan University of Technology
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 X.D. Wang et al. /  Physics Procedia  48 ( 2013 )  152 – 159 153
1. Introduction   
Glass-covered amorphous microwires have recently attracted much attention as their widely potential 
industrial applications: i.e. GMI sensor elements for detecting weak magnetic fields in car industry, 
biomedicine and navigation fields[1]. While GMI effect is observed in many soft magnetic materials, especially 
amorphous alloys which consist of wires, ribbons and thin magnetic films. The effective method of 
improvement of GMI effect is usually current annealing[2], and M. Malatek et al. [3] reported that the thermal 
treatments of the amorphous ribbon significantly improve the temperature behaviour of GMI variation. The 
GMI value in amorphous wires depends on many factors, including connecting length, diameter of wires, 
alloy composition, driving current, ambient temperature etc. Particularly, the dependence of temperature is 
one of the most important factors owing to the possible application as the sensing elements of those advanced 
magnetic sensors with high sensitivity. Ambient temperature has been considered seriously influence to GMI 
effect. Furthermore, its influence can result in different magnetic properties to distinct extent when different 
external conditions are applied, such as different frequency range, different magnetic field, and different state 
of samples. However, the working temperature of classical GMI sensors is focused on below 80 , in which a 
slight impedance fluctuation of GMI ratios could sense huge voltage signal magnified by further amplification 
circuit[4]. On the other hand, there also lacks the comparative study on the thermal stability of different states 
(as-cast, glass removed state and annealed state) glass-covered microwires, so it is worthwhile to conduct this 
investigation and analysis of the influence of temperature in the GMI effect at different measurement 
conditions. 
This paper aims to comparatively investigate the thermal stability of GMI effect of different-type states Co-
based amorphous glass-covered wires, and characterize their thermal stabilities and GMI fluctuating variation, 
illustrate the reason of improved thermal stability, moreover, it is expected to provide the reference to high-
resolution sensor design working at different temperature. 
2. Experimental details 
Mother alloy ingot with nominal composition of Co68.25Fe4.25Si12.25B15.25 (in at. %) was prepared by arc-
melting in pure argon and copper mould casting methods. Subsequently, the glass-covered amorphous wires 
self-made glass-covered facility with induction coil and cooling device 
according to the Taylor-Ulitovsky technique. 
Three-type wires were prepared in this experiment, including the conditions of as-quenched with glass 
shell, as-quenched without glass shell and annealed with glass shell (DC Joule annealing, Im=100mA, t=4min, 
air cooling). At two terminals of all samples, the glass shell was removed in order to make the conduction and 
the final electrical connection. The glass removed of the two terminals (each about 2 mm long) was performed 
by a chemical etching with a hydrofluoric acid (HF) solution for 120s. The above mentioned wires were 
examined by X-ray diffraction with CuK  radiation (XRD, Rigaku D/max- B), scanning electron microscopy 
(SEM, Hitachi S-4700). The GMI measurements were carried out by an Aligent 4294A impedance analyzer at 
the frequency range from 100kHz to 12MHz. The selected samples for GMI measurements were about 24mm 
max is defined as: 
max
Z (%) 100
Z
ex max
max
Z H Z H
%
Z H
                                                                                                          (1) 
where Z(Hex) is the impedance under external field, Hex applied by Helmholtz coils is below 80Oe. Z(H0) is 
the initial impedance at 0Oe. 
All the temperature measurements were performed by which has a temperature-controlled heater cell, as 
shown in Fig.1. Firstly, we choose a series of temperature points form room temperature (25 ) to 200 . The 
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GMI was measured at room temperature which is the first point initially, followed by heating to the next 
temperature point and measuring again. At each temperature point the GMI ratios of the sample were 
measured at magnetic field range (0-80Oe) at the frequency range of 100kHz-12MHz. The sample was placed 
inside a pair of Helmholtz coils controlled by constant current power supply which can generate a field sweep  
from -80Oe to 80Oe. The degree of GMI fluctuating variation at different temperature, 
maxZ/Z
T , is 
defined as:  
o o25 C 25 C
max max maxT
max max
Z Z Z
Z Z Z
(%) 100
Z Z
Z Z
T T T
max max min
T TDGFV %
                                                                      
(2) 
Where 
max max maxZ/Z Z/Z Z/Zmax
T T T
max min
 is the GMI ratio variation difference, namely thermal 
stability of GMI effect; 
max maxZ/Z Z/Z
T T
max min
, are the maximum, minimum GMI ratio Z/Zmax at the 
temperature of  25 -200 , respectively; 
o25 C
maxZ/Z
T is the GMI ratio Z/Zmax at room temperature (25 ).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic illustrations of inner structure of the special calorstat cell.  
3. Results and discussion 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) X-ray diffraction (XRD) patterns; (b) SEM images of as-cast Co-based glass-coated microwires.  
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Fig. 2(a) shows X-ray diffraction patterns of as-cast glass-covered wires. The pattern consists of one broad 
diffused diffraction maximum, which indicates that the microstructure of wire is entirely amorphous 
characterisistic. Fig. 2(b) shows the SEM images of as-cast glass-covered wires. The surface morphology of 
as-cast wires is uniform, smooth and no obvious macro or micro defects. 
Fig. 3 displays temperature dependence of GMI ratio Z/Zmax of different states samples at 2MHz with the 
external magnetic field range from 0Oe to 80Oe. The all GMI profiles of as-cast wire and glass-removed wire 
both exhibit obviously variations and monotonously decreasing trend with the increasing magnetic field from 
0Oe to 80Oe at the selected temperatures. Differently, the GMI ratio Z/Zmax of DC annealed wire increases 
rapidly near 1Oe (namely equivalent anisotropic field Hk, which can be used as the working magnetic field of 
GMI sensor) then decreases monotonically with an increase of magnetic fields. In deed,  for three-type wires, 
if the magnetic field is more than 10Oe, the corresponding GMI ratio and its variation difference 
maxZ/Z
T
max
almost becomes much smaller, even disappearance. In other word, the working range of 
magnetic field should be below 10Oe, in comparison with as-cast wire and glass-removed wire, DC annealed 
wire has twin-working-zone, including at relatively low field (0Oe-1Oe) and high magnetic field (1Oe-10Oe) 
for sensor application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Temperature dependence of GMI ratios of different states samples (a) as-cast wire; (b) glass-removed wire; (c) DC annealed wire 
at 2MHz with the external magnetic field range from 0Oe to 80Oe. 
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Then, we take the GMI ratio variation at 1Oe as the calculated reference to discuss in details. For as-cast 
wire, the value of maximum GMI ratio variation difference at 25 -200 , 
maxZ/Z
T
max
, is about 32.3%, as 
shown in Fig. 3(a), and GMI ratio max at 25  is around 172.4%, so the degree of GMI fluctuating 
variation at different temperature T (%)DGFV  is up to 18.6%. For glass-removed wire, the residual inner stress 
was effectively released during glass-removed process of as-cast wire, and the stress anisotropic field was 
decreased, so the GMI ratio max was also enhanced to some extent. Meanwhile, the value of 
maxZ/Z
T
max
is about 27.2%, as shown in Fig. 3(b), and GMI ratio max at 25  is around 174.0%, so the 
T (%)DGFV  is up to 15.5%. For DC annealed wire, the value of maxZ/Z
T
max
is about 35.36%, as shown in 
Fig. 3(c), and GMI ratio max at 25  is around 170.33%, T (%)DGFV  is up to 20.8%. 
Fig. 4 shows temperature dependence of Z/Zmax for three-state samples at 6MHz in 0Oe-80Oe. The 
characteristics of GMI profiles for above mentioned wires are thoroughly similar to 2MHz. Reference to the 
GMI ratio variation at 1Oe, for as-cast wire, the value of maximum GMI ratio variation difference at 25 -
200 , 
maxZ/Z
T
max
, is about 11.0%, as shown in Fig. 4(a), and max at 25  is around 129.1%, the 
degree of GMI fluctuating variation at different temperature T (%)DGFV  is up to 8.5%. For glass-removed 
wire, the value of 
maxZ/Z
T
max
is about 13.2%, as shown in Fig. 4(b), and GMI ratio max at 25  is 
around 139.4%, so T (%)DGFV  is up to 9.3%. For DC annealed wire, the value of maxZ/Z
T
max
is about 
19.99%, as shown in Fig. 4(c), and GMI ratio max at 25  is around 77.81%, and T (%)DGFV is up to 
25.69%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Temperature dependence of GMI ratios of different states samples (a) as-cast wire; (b) glass-removed wire; (c) DC annealed wire 
at 6MHz with the external magnetic field range from 0Oe to 80Oe. 
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Fig. 5 shows temperature dependence of GMI ratios Z/Zmax of different states samples at 10MHz in 
magnetic field range of 0Oe-80Oe. The trends of GMI curves of as-cast, glass-removed and annealed wires at 
selected temperatures have relatively evident differences from the curves at 2MHz and 6MHz. For example, 
the GMI ratio variation at 1Oe as the calculated reference, for as-cast wire, the value of 
maxZ/Z
T
max
decreases from 32.3% and 11.0% (at 2MHz and 6MHz) to 5.1% (at 10MHz), as shown in Fig. 
5(a), and GMI ratio max at 25  is around 87.2%, the degree of GMI fluctuating variation at different 
temperature T (%)DGFV  also decreases from 18.6% and 8.5% (at 2MHz and 6MHz) to 5.7% (at 10MHz). For 
glass-removed wire, the value of 
maxZ/Z
T
max
decreases from 27.2% and 13.2% (at 2MHz and 6MHz) to 
7.3% (at 10MHz), as shown in Fig. 5(b), and GMI ratio max at 25  is around 104.2%, T (%)DGFV  also 
decreases from 15.5% and 9.3% (at 2MHz and 6MHz) to 6.7% (at 10MHz). For DC annealed wire, the 
equivalent anisotropic field Hk after DC annealing increases from 1Oe to 2Oe, it means the twin-working-
zone range of magnetic field for sensor application is effectively enlarged, especially at relatively low field 
(0Oe-2Oe) and high magnetic field (2Oe-10Oe) for sensor applications with different detection range of weak 
magnetic field. The value of 
maxZ/Z
T
max
 decreases from 35.36% and 19.99% (at 2MHz and 6MHz) to 
7.93% (at 10MHz), as shown in Fig. 5(c), and GMI ratio max at 25  is around 46.97%, the T (%)DGFV  
decreases from  20.8%  and 25.69% (at 2MHz and 6MHz) to 16.88% (at 10MHz). In addition, comparing 
with other temperatures, the maxima GMI ratio of GMI variation at 75  is the characteristics temperature, 
because there is the smaller GMI variation difference than the temperature below 75 , once the higher 
temperature is up to 200 , the larger GMI fluctuation. Therefore, the thermal stability of three-type wires 
could be drastically improved with the driving frequency increasing to 10MHz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Temperature dependence of GMI ratios of different states samples (a) as-cast wire; (b) glass-removed wire; (c) DC annealed wire 
at 10MHz with the external magnetic field range from 0Oe to 80Oe. 
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Fig. 6 shows GMI variation difference of three-type glass-covered wires with the increase of external 
magnetic field (0Oe-10Oe) at selected frequencies (2MHz, 6MHz and 10MHz). Consistent with above 
experimental results, as shown in Fig.3, Fig.4 and Fig.5, the thermal stability and GMI fluctuating variation at 
different temperature could be improved with the external frequency increasing from 2MHz to 10MHz, the 
similar result is also reported in previous research[5]. Meanwhile, there is also an obvious trend of the GMI 
variation difference curves at 2MHz, 6MHz and 10MHz in the working magnetic field range (2Oe-10Oe), it 
exhibits the better thermal stability with the field increasing to 10Oe. So, the improved thermal stability is 
caused by the co-actions of remarkable skin-effect (at relatively high frequency), magnetic polarization (at 
relatively high magnetic field) and magneto-crystalline anisotropy energy with the increasing frequency. In 
conclusion, we adopt the optimal driving frequency of 10MHz and the detection range of weak magnetic field 
(2Oe-10Oe) as the design parameters of high-performance GMI sensor, further to effectively enhance thermal 
stability and reduce GMI fluctuation variation influenced by ambient temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. GMI variation difference of three-type glass-covered wires with the increase of external magnetic field (0Oe-10Oe) at selected 
frequencies 2MHz, 6MHz and 10MHz.  
4. Conclusions 
It can be seen from above results that temperature has remarkable influence on thermal stability of GMI 
effect, and it is closely related to sample states (including as-cast, glass-removed and DC annealed states), 
external magnetic field and driving frequency. The thermal stability and GMI fluctuating variation at different 
temperature of three-type wires could be obviously improved with the increasing driving frequency from 
2MHz to 10MH. The working range (0Oe-10Oe) of magnetic field for possible sensor application, especially 
in the range (2Oe-10Oe) exhibiting the better thermal stability. The magnetic filed is continue increasing to 
80Oe, these differences gradually reduce to small value even disappearance. The GMI profiles of DC 
annealed wire exhibit twin-working-zone feature (relatively low field 0Oe-2Oe & relatively high field 2Oe-
10Oe) of magnetic field at 10MHz for potential sensor application with different detection range of weak 
magnetic field. In conclusion, the optimal driving frequency of 10MHz and the detection range of weak 
magnetic field (2Oe-10Oe) are favorable for the design parameters choices of high-performance GMI sensor 
to effectively enhance thermal stability and reduce GMI fluctuation variation influenced by ambient 
temperature. 
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